We show that dysregulation of the Cl À homeostasis mediates the staurosporine-induced apoptotic cell death in human ECV304 cells. A pronounced apoptotic volume decrease (AVD), and an increase in plasma membrane Cl À conductance were early (o1 h) events following staurosporine challenge. Both processes were involved in apoptotic death, as demonstrated by the observation that the Cl À channel blocker phloretin inhibited both the staurosporine-evoked Cl À current and AVD, and preserved cell viability. Prolonged incubation (42 h) with staurosporine caused a decrease in intracellular pH, which, however, was not required for the progression of the apoptotic process, because inhibitors of proton extrusion pathways, which lowered cytoplasmic pH, failed to inhibit both caspase-3 activation and DNA laddering. Moreover, clamping the cytosolic pH to an alkaline value did not prevent the apoptotic cell death. Collectively, these data demonstrate that staurosporine-mediated apoptosis of ECV304 cells is caused by the upregulation of Cl À channel activity and subsequent AVD, but is independent of intracellular acidification.
Introduction
The homeostatic balance of ions across the plasma membrane not only appears to be required for the control of the cell size but also seems to be involved in the maintenance of cell viability. This evidence was recently strengthened by a series of studies showing that a dramatic decrease in intracellular monovalent ions occurs during apoptosis. 1, 2 Accumulating evidence suggests that the cellular outflow of K þ and Cl À ions, followed by osmotically obliged water, leads to normotonic cell shrinkage, the characteristic loss of cell volume called apoptotic volume decrease (AVD) (see, for recent reviews, Lang et al. 3 , Okada et al. 4 and Bortner and Cidlowski 5 ). Numerous electrophysiological studies have revealed that in different cellular systems, apoptotic stimuli caused an enhancement of K þ efflux through the upregulation of voltage-gated outward K þ currents, [6] [7] [8] Ca 2 þ -activated K þ channels 9, 10 or two-p-domain K þ channels. 11, 12 In other cell types, the augment in channel-mediated K þ efflux was paralleled by an increase in Cl À conductance. 13 Finally, it was reported that several apoptotic stimuli induced the selective upregulation of Cl À channel activity. 14, 15 However, whether activation of Cl À channels has a causative role in AVD and apoptosis still remains to be firmly established. In this context, by examining various cell lines exposed to different apoptotic stimuli, it was recently shown that the separate pharmacological blockade of volume-regulatory K þ and Cl À channels prevented AVD and subsequent apoptotic cell death. 16 An alteration of the ion transport mechanisms responsible for the regulation of intracellular pH (pH i ) has also been suggested to be involved in the modulation of the death process, although contradictory results have been reported. In fact, it was shown that during apoptosis induced by the removal of IL-7 from D1-T cell line, pH i increased to a value of 7.8, leading to a conformational change of the proapoptotic Bcl-2 family protein Bax, which was followed by its translocation into the mitochondrial membrane. 17 Bax translocation has also been described in HeLa cells treated with staurosporine or tumor necrosis factor-a (TNF-a), in spite of the fact that the two molecules produced opposite effect on pH i . 18 Other studies have indicated that apoptosis is associated with intracellular acidification, which may be due to the inhibition of H þ efflux transport mechanisms, such as the Na þ /H þ exchanger 19, 20 and the vacuolar ATPase 21 or both. 22 According to some reports, acidification might also occur, at least in part, as a consequence of the reversal operation of the mitochondrial ATP synthase. 23 The question as to whether intracellular acidification is necessary for inducing apoptosis or occurs as a consequence of caspase activation remains an issue of debate. A detailed analysis revealed that in somatostatin-induced apoptosis, caspase-8 activation was required for cytosolic acidification, which, in turn, triggered cytochrome c release as well as the activation of the effector caspase-3, -7 and -9. 24 We previously reported that the incubation of ECV304 endothelial cells with the bacterial alkaloid staurosporine caused a great reduction in cell viability, which was accompanied by the occurrence of some typical hallmarks of apoptotic cell death. 25 In the present study, we have attempted to dissect the temporal sequence of the biochemical events characterizing the apoptotic process, such as the release of cytochrome c, activation of caspase-3, and nuclear DNA fragmentation. Furthermore, we have addressed the issue of the possible link between the staurosporine-induced AVD, which was apparent at the very early stage of the apoptotic process, and a change in plasma membrane ionic permeability. We demonstrate that in ECV304 cells staurosporine generated a rapid increase in Cl À conductance, which was accompanied by a lowering of pH i . Finally, we provide evidence that the increase in Cl À channel activity, but not the cytosolic acidification, is instrumental for AVD, and that the blockage of the staurosporine-evoked Cl À current by using a specific inhibitor of volume-sensitive Cl À channels abrogates the apoptotic cell death of ECV304 cells.
Results
The incubation of ECV304 cells with 1 mM staurosporine caused a time-dependent decrease in cell viability, as determined by means of 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Figure 1a) . A marked decrease in the number of viable cells was apparent already after 6 h incubation with staurosporine (4079%, n ¼ 6) and maximal after 18-24 h (6377%, n ¼ 3). Surprisingly, these results are different from our previous observation, which indicated that cell viability, determined by the Trypan blue exclusion method, was unaffected following the incubation with staurosporine up to 10 h. 25 This discrepancy can be explained with the different methods utilized to assess the percentage of cell death. In fact, it is well known that Trypan blue is excluded from cells with intact plasma membrane, and cells in the early phases of apoptosis are likely to retain their membrane integrity for several hours. 26 Conversely, intracellular MTT reduction, which was previously shown to be due to the activity of both mitochondrial and nonmitochondrial dehydrogenases, 27 can reveal subtle alterations in cells undergoing an impaired metabolism, which occur during the early phases of the apoptotic process.
We next evaluated the temporal sequence of three typical features of staurosporine-induced apoptotic cell death of ECV304 cells, such as the release of cytochrome c from mitochondria, activation of caspase-3 and nuclear DNA fragmentation. The amount of cytochrome c in the cytosolic fractions isolated from cells treated with staurosporine noticeably increased starting from 4 h incubation and was maximal after 6 h or longer time periods (Figure 1b) . It is well known that in the cytosol, interaction of cytochrome c with apoptotic protease-activating factor-1 and procaspase-9 triggers the assembly of the apoptosome complex. Such macromolecular complex is required for the activation of caspase-9, which, in turn, promotes activation of further caspases, among which is the effector caspase-3. 28 The activation of caspase-3 was evaluated by determining procaspase-3 cleavage. Figure 1c shows that a significant cleavage was apparent after 4 h incubation with staurosporine, and was maximal after 8-16 h. Finally, nuclear DNA isolated from staurosporine-treated cells showed a weak, but significant fragmentation after 8 h, reaching a maximum between 16 and 24 h of incubation (Figure 1d ). Altogether, these results clearly indicate that during staurosporineinduced apoptosis of ECV304 cells, cytochrome c release paralleled caspase-3 activation, and preceded the fragmentation of nuclear DNA.
A major hallmark of cells undergoing apoptosis is a normotonic reduction of cell volume termed AVD. [3] [4] [5] To address this issue in relation to staurosporine-induced apoptosis of ECV304 cells, we analyzed the real-time dynamic changes of cell morphology in single cell transfected with green fluorescent protein (GFP). ECV304 cells incubated in normal growth medium exhibited a diffuse fluorescence, which depicted the typical irregular polygonal shape (Figure 2a) . Cells incubated in a staurosporine-containing growth medium underwent a rapid change in cell morphology characterized by cytoplasm retraction and pronounced cell shrinkage (Figure 2b-f) . The change in cell morphology was As there is accumulating evidence that augmented channel-mediated transmembrane K þ and Cl À fluxes play a crucial role in AVD, 16 we next sought to determine whether at least part of the staurosporine action could be due to its ability to upregulate channel activity compatible with AVD. Cells were voltage clamped at a holding potential (V h ) of À60 mV and stimulated with voltage ramps from À120 to þ 60 mV (Figure 3a inset) . Most of the control cells displayed only small linear (leak) currents that remained stable throughout the experiments, which lasted up to 1 h. Upon staurosporine application, a slight outwardly rectifying increase in membrane conductance, which changed polarity around 0 mV (À376 mV; n ¼ 13; mean7S.D.) could be observed (Figure 3a) . These data could be interpreted as the result of the opening of Cl À and/or nonselective cation channels. However, the observation that current amplitudes and reversal potentials were not significantly altered by replacing extracellular Na þ and K þ with the impermeant monovalent cation N-methyl-D-glucamine (n ¼ 3, data not shown) strongly suggests that Cl À was the charge carrier. To confirm that the staurosporine-induced current was a Cl À conductance, cells were challenged with the broad-spectrum Cl À channel blocker 5-nitro-2-(3-phenylpropyl amino) benzoic acid (NPPB, 100 mM, n ¼ 5) and the more specific inhibitor of the volume-sensitive Cl À conductance phloretin (50 mM; Figure 3b ). 29 Both NPPB and phloretin rapidly and reversibly reduced the staurosporine-evoked currents to levels that were not significantly different from control currents. The staurosporine effect developed gradually, as first changes in conductance occurred 10-15 min after starting staurosporine application, and ramp currents reached the steady-state magnitude 15-25 min after the onset of the first current rise (B3-fold increase; Figure 3c and d). The effect was irreversible, as even upon prolonged (410 min) washout with control saline, membrane currents did not diminish. Altogether, these data indicate that in ECV304 cells staurosporine causes a rapid increase in Cl À conductance, which can be counteracted by a specific blocker of swelling-activated Cl À channels.
To determine whether the activation of Cl À conductance was implicated in the regulation of apoptosis, we examined the effect of some pharmacological Cl À blockers on cell volume and cell viability. Figure 4 illustrates that preincubation with phloretin (50 mM) alone had no effect on cell morphology (cfr. Figure 4a and c), whereas it strongly prevented the staurosporine-induced cell shrinkage (cfr. Figure 4b and d) . Accordingly, the loss of cell viability (Figure 4e ) as well as the nuclear DNA laddering (Figure 4f) were also abrogated by phloretin cotreatment. A similar effect was observed with 0.1 mM 4,4 0 -diisothio cyanatostilbene-2,2 0 -disulfonic acid (DIDS) (data not shown), whereas another broad-spectrum Cl À channel blocker, glibenclamide (0.5 mM), which inhibited AVD and blocked staurosporine-evoked Cl À current, had cytotoxic effect. These results suggest that the upregulation of the plasma membrane Cl À conductance is a crucial event for the triggering and completing of the apoptoptic process.
Since it is possible that staurosporine-evoked increase in Cl À channel activity may favor the efflux of HCO 3 À , thereby lowering pH i , the next set of experiments was carried out in order to determine whether staurosporine was also able to promote cytosolic acidification, and to assess the role of pH i changes in ECV304 apoptosis. The data indicate that whereas pH i was fairly stable during a 10 h time period 
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À channel activity during apoptosis AM Porcelli et al (7.3170 .05, n ¼ 6), ECV304 cells incubated with staurosporine underwent a significant drop in pH i (Figure 5a ), which exhibited a biphasic behavior, with a first decrease starting after 3 h and a peak at 4 h (7.0270.04, n ¼ 5), and a second lowering reaching a maximum after 8 h (7.0570.03, n ¼ 5). Since previous studies reported that the translocation of the proapoptotic Bcl-2 protein Bax into mitochondria, which leads to cytochrome c release and apoptotic cell death, is regulated by changes in pH i , 17, 18 we next explored the possibility that such a mechanism, downstream the activation of the Cl À conductance, might play a role in the stauroporine-induced apoptosis of ECV304 cells. However, the levels of Bax in the mitochondrial fractions isolated from cells treated with staurosporine were not increased during a time period up to 8 h (Figure 5b ), clearly indicating that Bax is not involved in the apoptotic process. To gain further insight into the role of pH i acidification in ECV304 apoptosis, measurements were performed in the presence of various ion transporter inhibitors known to affect pH i . Whereas amiloride, a blocker of the Na þ / H þ exchanger, did not modify intracellular pH i (data not shown), and an 8 h incubation with a blocker of the Cl
0 -diisothiocyanatodihydro stilbene-2,2 0 -disulfonic acid (H 2 DIDS), 50 mM) promoted only a mild acidification, cell treatment with an inhibitor of vacuolar H þ ATPase, bafilomycin A (10 mM), elicited a pH i decrease comparable with that generated by staurosporine, which was even more Figure 1d . A representative experiment is shown and data were confirmed in three independent experiments. (e) Cells were incubated for 8 h in a saline solution containing 115 mM NaCl (NaCl) or 115 mM KCl plus 100 nM nigericin (KCl/nig), in the absence (CTRL) or presence of 1 mM staurosporine (STS). Changes in pH i were determined as described in Figure 5a . Data are means7S.D. of three to five determinations. **Po0.01, between staurosporine-treated cells in NaCl and KCl/nig. (f) DEVDase activity was measured by evaluation of the fluorescence emission of peptide Ac-DEVD-AMC in lysates from cells incubated in the absence (CTRL) or presence of 1 mM staurosporine (STS), as described by Ghelli et al. 25 Data are means7S.D. of four to six determinations. **Po0.01 versus CTRL with Student's t-test Figure 4 Effect of phloretin on staurosporine-induced AVD, cell viability and nuclear DNA laddering. Cells seeded on coverslips were incubated in M199 medium with 3 mM BCECF/AM for 20 min, washed and then incubated for 1 h in saline solution alone (a) or in the presence of 50 mM phloretin (PHL) (c), or 1 mM staurosporine (b), or 1 mM staurosporine plus 50 mM phloretin (d). Images were captured and analyzed by a digital imaging system ( Â 40 objective). Experiments relative to each condition were carried out at least four times. (e) Cells were incubated for 6 h in growth medium without (ÀPHL) or with 50 mM phloretin ( þ PHL), in the absence (CTRL) or presence of 1 mM staurosporine (STS), and cell viability was determined with MTT assay. Data are means7S.D. of n ¼ 4. *Po0.05, with Student's t-test, between staurosporine-treated cells without and with phloretin. (f) Nuclear DNA laddering was determined in cells incubated for 16 h in the absence or presence of 1 mM staurosporine without (ÀPHL) or with ( þ PHL) 50 mM phloretin. Experiments were performed as described in Figure 1d . A representative determination is shown and data were confirmed in three independent experiments AVD and Cl À channel activity during apoptosis AM Porcelli et al pronounced when coapplied with H 2 DIDS (Figure 5c ). However, cytosolic acidification did not play a role in the staurosporine-induced ECV304 apoptosis, because none of these treatments caused DNA laddering (Figure 5d ). The independence of the staurosporine-induced apoptosis of ECV304 cells from pH i acidification was also corroborated by the observation that the incubation of the cells in a high K þ medium containing nigericin (100 nM) clamped pH i to a slightly alkaline value also in the presence of staurosporine (Figure 5e ), but did not prevent the staurosporine-mediated caspase-3 activation (Figure 5f ) and DNA laddering (data not shown).
Discussion
The novel finding described in this study is that in ECV304 cells, the staurosporine-induced apoptotic cell death is characterized by a remarkable AVD, which is dependent on the upregulation of plasma membrane channel-mediated Cl À efflux. We also show that both the activation of Cl À conductance and cell shrinkage were early events of the apoptotic process, clearly preceding the release of cytochrome c from mitochondria and caspase-3 activation, which could be detected only after 4 h incubation with staurosporine. Interestingly, also in U937 cells a significant AVD was detected after 1 h treatment with staurosporine, whereas caspase-3 activation was not observed up to 2 h. 13 Conversely, a remarkable cell shrinkage started after 2-4 h in Jurkat T cells treated with anti-Fas antibody or ultraviolet radiation 30, 31 or etoposide 32 or in dexamethasone-treated rat lymphocytes. 2 Anti-Fas- 14, 30, 31 and etoposide-induced shrinkage of Jurkat cells 32 was prevented by the general caspase inhibitor z-VAD-fmk, suggesting its dependence on caspase activity. However, cell shrinkage was reported to be z-VAD-fmk insensitive in Jurkat T cells exposed to ultraviolet radiation 31 or thapsigargin. 30 Thus, although AVD can be considered as an early event in apoptosis, its occurrence in relation to the activation of the caspase cascade is highly dependent on the death-inducing stimulus, possibly owing to the distinct signalling pathways involved in the process.
By means of electrophysiological technique, we provide evidence that staurosporine generated a rapid increase in plasma membrane Cl À channel activity but did not alter the K þ conductance. Whereas the cellular mechanisms whereby channel-mediated K þ efflux regulates AVD are beginning to be unveiled (see, for a review, Bortner and Cidlowski 5 ), the role of transmembrane passive Cl À fluxes remains to be firmly established. 33 Recently, it was shown that exposure of different cell lines to staurosporine caused apoptotic cell death through mechanism(s) mediated by an early normotonic cell shrinkage, which was sensitive to Cl À and K þ channel blockers. 16 Moreover, Cl À channel blockers, but not K þ channel inhibitors, were reported to prevent staurosporine-mediated apoptosis in brain cells in primary culture. 34 However, definitive evidence that Cl À channels may play a crucial role in apoptotic cell death is just now beginning to be unfolded. In T-lymphocytes, CD95 receptor stimulation caused apoptotic cell death and a ceramide-dependent opening of an outwardly rectifying Cl À channel. 14 TNF-a was demonstrated to activate both K þ and Cl À channels in liver cells, and individual blockage of K þ and Cl À channels delayed, but did not prevent, TNF-a-induced apoptosis. 13 Our data indicate that in ECV304 cells staurosporinemediated apoptotic cell death was strongly attenuated by coapplication of the specific Cl À channel inhibitor phloretin at a concentration that abrogated the staurosporine-induced increase in Cl À conductance. Interestingly, this concentration has been reported to inhibit swelling-activated Cl À channels specifically. 29 Altogether, these findings depict a causal relationship between upregulation of transmembrane Cl À flux and apoptosis in ECV304 cells. The molecular identity of the Cl À channel protein involved in this effect remains to be identified. Another crucial issue that has to be addressed in future studies is the identification of the downstream apoptotic events, specifically regulated by increased efflux of Cl À and consequent AVD.
Notably, our data indicate that application of staurosporine does not alter the K þ conductance in ECV304 cells. However, the involvement of K þ channels in AVD cannot be completely ruled out as electrophysiological experiments were conducted in normotonic conditions. Given that elevated extracellular K þ depressed AVD, but that incubation with several K þ channel blockers was unable to prevent staurosporine-induced AVD and apoptosis (our unpublished observation), it can be envisaged that multiple pathways may exist for the loss of cellular K þ during the cell death process, depending on the cell type and/or apoptotic stimulus. 5 Thus, since the blockade of Cl À efflux was able to inhibit AVD, we can conclude that the staurosporine-evoked increase in Cl À conductance is both necessary and sufficient for AVD.
The staurosporine-induced increase in Cl À conductance, by also allowing the efflux of HCO 3 À might contribute, at least in part, to the significant decrease in pH i observed upon staurosporine exposure. However, although cytosolic acidification is a very reproducible event, the results presented here clearly suggest that it is a secondary effect, which cannot account for the ability of staurosporine to induce cell death. Indeed, the translocation into the mitochondria of the proapoptotic protein Bax was not favored by cytosolic acidification. Moreover, no significant DNA laddering was detected following cell treatment with the inhibitor of H þ -ATPase bafilomycin alone or in conjunction with the anion exchanger blocker H 2 DIDS. Finally, pH i alkalinization with a high K þ medium in the presence of nigericin did not depress both the staurosporine-mediated caspase-3 activation and DNA laddering. This latter finding is different from that reported in somatostatin-induced apoptosis of MCF-7 cells by Liu and co-workers, who showed that pH i elevation completely inhibited caspase-3/7 activity as well as cytochrome c release into the cytosol. 24 It must be pointed out, however, that it is also possible that the pH i reduction (from 7.4 to 7.0) generated by the inhibition of the H þ extrusion was just not sufficient for triggering the apoptotic process in ECV304 cells, a conclusion corroborated by the observation that MCF-7 cells underwent apoptosis only when pH i ranged between 6.0 to 6.5, but never at values above 7.0. 22 In conclusion, this study shows that in ECV304 cells there is a clear interplay between staurosporine-induced apoptosis, AVD and channel-mediated Cl À fluxes. We also provide AVD and Cl À channel activity during apoptosis AM Porcelli et al evidence that the upregulation of the plasma membrane Cl À current is a causal factor in AVD. Since to our knowledge this is the first report demonstrating the exclusive involvement of a Cl À conductance in the regulation of apoptotic cell death, 13, 16 these data support the tenet that Cl À channels may be a novel molecular target for the development of alternative strategies aimed to the control of apoptotic processes. Additional research is necessary to determine whether this is a mechanism that applies only to cell lines or it can mediate the apoptotic cell death in a native context of cells from normal tissues and organs.
Materials and Methods

Materials
Staurosporine, MTT, nigericin and protease inhibitors cocktail were from Sigma (St. Louis, MO, USA). Antibodies against cytochrome c, Bax, procaspase-3 and secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, USA). Caspase-3 substrate (Ac-DEVD-AMC) was from Calbiochem (La Jolla, USA). BCECF/AM was purchased from Molecular Probes (Eugene, USA). 
Cell culture and incubation conditions
Cell viability
The percentage of viable cells was measured with the colorimetric MTT assay, as described previously. 35 
Caspase-3 assay
Caspase-3 activity was determined by cleavage of procaspase-3 by means of Western blot. Cells were incubated with staurosporine, harvested, centrifuged and the pellets resuspended in phosphate salinebuffered solution (PBS) containing 1% triton X-100, 0.5 mM EDTA, 0.6 mM PMSF and 100 ml/ml of protease inhibitors cocktail, frozen and thawed twice, sonicated for 1 min and centrifuged for 2 min at 10 000 Â g. Protein content was determined by Bradford. 36 Proteins (80 mg) from cell lysates were separated by 12% SDS-PAGE and transferred onto nitrocellulose membrane (Bio-Rad, Hertfordshire, UK). The membrane was treated with 5% nonfat milk in TBS-Tween 0.05% for 1 h and incubated with the primary antibody for 1 h at room temperature. The anti-procaspase-3 primary antibodies were diluted 1 : 1000. Antigen-antibody complexes were detected by using horseradish peroxidase-conjugated secondary antibodies diluted 1 : 2000 in TBS-Tween 0.05%, supplemented with 5% nonfat milk and incubated for 20 min at room temperature. The chemiluminescence signals were revealed using an ECL Western blotting kit (Amersham Bioscience, Buckinghamshire, UK) and measured with the Fluo-2 MAX Multimager system (Bio-Rad, Herthfordshire, UK). Since caspase-3 can cleave the Ac-DEVD-AMC substrate, in some experiments the increase in caspase-3 activity was determined as changes in DEVDase activity, as described previously. 25 
DNA fragmentation
Chromosomal DNA was extracted from cells as reported 37 and DNA was loaded onto a 1% agarose gel, electrophoresed and stained with ethidium bromide.
Subcellular fractionation
Cells were centrifuged and the pellet was resuspended in 200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM HEPES (pH 7.6) and homogenised for 30 strokes with a Dounce homogenizer. This and the subsequent steps were carried out at 41C. Samples were centrifuged for 10 min at 500 Â g and the resulting supernatant was centrifuged 20 min at 10 000 Â g. The supernatant (cytosolic fraction) was stored at À801C. The pellet (mitochondrial fraction) was suspended in PBS containing 1% triton X-100, 0.5 mM EDTA, 0.6 mM PMSF and 100 ml/ml of protease inhibitors cocktail and stored at À801C. Proteins (50-80 mg) were separated by 12% SDS-PAGE or by 15% tricine-SDS-PAGE 38 for Bax or cytochrome c, respectively, and transferred into nitrocellulose. The anticytochrome c primary antibodies were diluted 1 : 500, while the anti-Bax antibody 1 : 1000. Antigen-antibody complexes were detected by using horseradish peroxidase-conjugated secondary antibodies diluted 1 : 2000 in TBS-Tween 0.05% supplemented with 5% nonfat milk and incubated for 20 min at room temperature (20-221C) . The chemiluminescence signals were measured as above.
Morphological analysis of cells
Cells were seeded onto 24 mm coverslips and transfected with 8 mg of DNA of GFP, using the Ca 2 þ -phosphate technique and experiments were performed 36 h after transfection. 39 The coverslips with the cells were transferred to a temperature-controlled stage of a digital imaging system and incubated for the times indicated. The system was composed of an inverted epifluorescence microscope Nikon Eclipse 300, with a backilluminated CCD camera (Princeton Instruments, USA) and acquisition/ analysis software Metamorph (Universal Imaging Corporation, USA), as described previously. 40 Images of individual cell were captured before and after staurosporine addition at defined time intervals. Alternatively, in some experiments, cells were loaded with BCECF/AM for 15 min, washed, treated as indicated in the figure legend, and images collected with the imaging system at defined time periods.
Cellular electrophysiology
For electrophysiological experiments ECV304 cells were seeded at low density in 35-mm-diameter dishes and used within 2 days of replating. Plasma membrane whole-cell currents were recorded at room temperature (20-221C) with the perforated-patch configuration of the patch-clamp technique. 41 This configuration allows the measurements of ionic currents without altering the cytoplasmic pool of enzymes and metabolites that may be essential for channel modulation. To this end, the polyene antibiotic amphotericin B (Sigma, Italy), which forms nonselective ion-permeable pores, was added into the pipette solution. 42 To avoid difficulties during seal formation, the recording pipette was back-filled with amphotericincontaining intracellular saline (250 mg/ml), whereas the pipette tip contained the standard internal solution (tip resistance 3-4 MO). As amphotericin B solution gradually loses its efficacy, pipette solution AVD and Cl À channel activity during apoptosis AM Porcelli et al containing amphotericin B was prepared freshly every 2-3 h. Membrane currents were amplified (EPC-7, List Electronic, Germany), low-pass filtered at 3 kHz and stored in a microcomputer for off-line analysis (pClamp 6.0, Axon Instruments, USA and Origin 5.0, Microcal, USA). During the recordings series resistances (o20 MO) and capacitive currents were compensated for with the analog circuits of the amplifier; membrane currents were considered for analysis only when series resistance did not change by more than 15% throughout the experiment. Liquid junction potentials (o5 mV) due to the use of different intra-and extracellular solutions at the beginning of the experiments were not compensated for. The bathing solution was composed of (mM): 140 NaCl, 
pH i measurements
Cells were treated with staurosporine for the defined time periods, detached from the flask by trypsinization and pH i was determined as reported. 25 Briefly, cells were incubated in DMEM with 3 mM 2 0 ,7 0 -bis(2-carboxyethyl)-5(6)carboxyfluorescein tetraacetoxymethyl ester (BCECF/ AM) for 30 min in a CO 2 incubator. Cells were then washed twice, incubated in DMEM and kept in the dark until use. Aliquots of 3 Â 10 5 cells were suspended in HCO 3 À -buffered NaCl solution containing (in mM) 115 NaCl, 3 KCl, 2 KH 2 PO 4 , 1 MgSO 4 , 10 glucose, 1 CaCl 2 , 25 NaHCO 3 (bubbled with 95% O 2 -5% CO 2 mixture for several minutes before use, pH 7.4). Fluorescence measurements (excitation and emission wavelengths of 505 and 530 nm, respectively) were carried out with a Jasko spectrofluorimeter F-770 (Tokyo, Japan) at 371C, under continuous stirring, in an atmosphere of 95% O 2 -5%CO 2 mixture. Calibration of BCECF fluorescence against pH i was obtained by incubating an aliquot of cells in a high K þ saline solution containing 2 mM nigericin. Fluorescence correlated linearly with pH i changes over the pH range between 6.4 and 8.0.
